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1. Introduction 
The nature of ionospheric plasma motions in
the F-region at the magnetic equator is such that
they are driven by the neutral air wind along the
Earth’s magnetic field and by the electric field in
the plane perpendicular to it. Accordingly, meas-
urements of vertical plasma drifts in the equato-
rial F-region are a valuable means of deriving in-
formation on the electric field. The plasma drifts,
however, in the equatorial zone significantly af-
fect the morphology of the equatorial F-region,
the evolution of the Appleton anomaly, the latitu-
dinal variation of thermospheric neutral winds,
and the low-latitude protonospheric ion compo-
sition (Fejer and Scherliess, 1997). Furthermore,
equatorial E×B drift velocities are significant in-
put parameters that go into many ionospheric
models, because they help describe vertical plas-
ma motion near the magnetic equator. In the
evening sector, vertical drifts are of particular
significance as they are the major drivers for the
generation of Equatorial Spread F (ESF) (Fejer
et al., 1999; Martinis et al., 2005). 
The quiet time low-latitude plasma drifts are
driven by a complex interaction of E- and F-re-
gion electrodynamic processes (Richmond,
1995). The relative efficiency of these dynamo
mechanisms varies significantly with the time of
day, from day to day, and also with season, solar
cycle, and longitude. Theoretical and numerical
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models that explain the low-latitude dynamo
electric fields and currents are plentiful (Rish-
beth, 1971; Heelis et al.,1974; Richmond et al.,
1976; Anderson and Mendillo, 1983; Takeda and
Maeda, 1983; Farley et al., 1986; Takeda and Ya-
mada, 1987; Kelley, 1989; Haerendel and Ec-
cles, 1992; Eccles, 1998). During geomagnetic
active conditions magnetospheric and distur-
bance dynamo effects can dramatically affect the
low-latitude drifts (Fejer and Scherliess, 1997,
and references therein; Scherliess and Fejer,
1997; Kelley et al., 2003).
A prereversal peak in the upward velocity in
the dusk sector is the most common feature dur-
ing solar cycle maximum years (Woodman,
1970). This phenomenon occurs just before the
F-region vertical plasma drift reverses from up-
ward (positive) to downward (negative) direc-
tion. Prereversal velocity enhancement is be-
lieved to be caused by the very rapid decrease
in the E-region conductivity after sunset com-
pared to that of the F-region (Farley et al.,
1986). The evening upward velocity enhance-
ment is responsible for the rapid rise of the
equatorial F-layer after sunset, which plays an
important role in the generation of E- and F-re-
gion plasma instabilities (Fejer and Kelley,
1980; Fesen et al., 2000). 
Nevertheless, on the basis of extensive data
from various experimental observation tech-
niques, climatological regional models of the
equatorial plasma drifts in the Peruvian, Brazil-
ian, and Indian sectors have been developed.
Global empirical models for the quiet time F-
region equatorial vertical drifts have been re-
ported (Richmond et al., 1980; Scherliess and
Fejer, 1999). Additionally, a study carried out
by Anderson et al. (2002) showed that daytime
measurement of the difference between the hor-
izontal component of the magnetic field at an
equatorial and a slightly off-equatorial station
can be used to infer the equatorial vertical E×B
drift (eastward electric field). Thus, equatorial
and low-latitude studies indicate that under qui-
et magnetic conditions, to first order, the F-re-
gion electrodynamic plasma drifts are upward
and westward during the day and downward
and eastward at night. However, these probing
techniques for investigating the bottomside
ionospheric plasma give generally consistent
equatorial vertical drift velocities, but often
contradictory patterns are reported. 
Unfortunately, most of these experimental
observations of F-region plasma drifts described
above are available only from a few locations at
limited times in the African sector of the equato-
rial ionosphere. This remarkably sparse database
in the African region is a major deficiency in
global low latitude ionospheric modeling stud-
ies. 
This study used ground-based ionosonde da-
ta obtained near the magnetic equatorial station
in Africa (7.4°N, 3.9°E, dip. lat. 6°S) to investi-
gate the general characteristics of F-region verti-
cal plasma drifts, such as variation with local
time, season, solar cycle, and magnetic activity.
2. Date sets and method of analysis 
The first data set consists of a half-hourly
data record (called ionogram) obtained during
the daytime from 07:30-18:30 LT sector. Five
international quiet day ionograms from each
month of the year were picked for the investiga-
tion. We ensured that the data chosen were
good enough to be scaled, and magnetic storm
days were avoided. The records were manually
analysed using a ten-point Kelso (1952) method
to obtain electron density profiles at half a hour
intervals. Results of comparisons between auto-
matically and manually scaled data have been
reported to be in excellent agreement (Renisch
and Huang, 1983; Pezzopane and Scotto, 2004,
2005). Already, Iheonu and Oyekola (2006)
have proposed a model description, obtained
from a simplified electron continuity equation,
for estimating daytime vertical E×B drift veloc-
ities in the equatorial F-region ionosphere. The
model calculation is valid away from the peak
of the F-layer, the formula is expressed as
(2.1)
where Hp(h) represents plasma scale height, a
function of height, q(h, χ) represents the rate of
ionization production per unit volume and so is a
function of both height and solar zenith distance,
χ. The production rate is estimated from the
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«Chapman Theory» (Chapman, 1931). Ne(t,h)
represents electron density at altitude, h and time
t, obtained from Ne(h) profiles. β(h) is the loss co-
efficients, a function of height, calculated from
the expression given by Ratcliffe and Weeks
(1960). The product Hp(h)β(h) is the apparent
vertical drift velocity due to chemical recombina-
tion. Thus, we use eq. (2.1) to compute the verti-
cal velocities during the daytime. Accordingly,
the vertical plasma drifts are divided into 2 solar
activity, and 3 seasonal divisions under quiet ge-
omagnetic condition during the daytime. January
through December 1958 (era of International
Geophysical Year, IGY) comprises solar maxi-
mum with the averaged yearly F10.7 radio flux
value of 208 (in units of 10−22 W/m2/Hz) and the
mean yearly sunspot number of 185. January to
December 1964 comprises solar minimum with
averaged yearly decimentric solar flux of 65 and
the mean annual sunspot number of 9.3. 
F-region vertical drifts are also estimated
from the h’F variations for the equatorial station
Ibadan from one year of data during 1958 peri-
od, which comprises the second dataset. This
method has been used for several years to calcu-
late vertical motion of the equatorial ionosphere
in the Peruvian, Brazilian, and Indian sectors
(e.g., Abdu et al., 1981; Bittencourt, 1986; Sastri
et al., 1995), but such estimate has not been car-
ried out at Ibadan longitude sector. The tech-
nique is often limited to the evening hours when
the F-region bottomside altitude rises beyond
300 km (Fejer et al., 1989; Jayachandran et al.,
1993; Subbarao and Krishna Murthy, 1994). In
this case, our data are divided, according to 4
seasonal and 2 geomagnetic activity divisions at
solar maximum. The months of the year are
grouped as follows: March equinox (January,
February, March), June solstice (April, May,
June), September equinox (July, August, Sep-
tember), and December solstice (October, No-
vember, December). Kp≤3 comprises quiet geo-
magnetic conditions and Kp>3 comprises dis-
turbed condition. 
3. Results
Seasonal averages of the vertical component
of the equatorial F-region plasma drifts as de-
rived from ionosonde data at Ibadan during Jan-
uary to December 1964 (solar minimum), and
January to December 1958 (solar maximum)
under quiet magnetic conditions are plotted in
fig. 1. Standard deviations are shown as error
bars on the two data sets in each panel. F10.7
index (the solar radio flux at a wavelength of
10.7 cm at Earth’s orbit) are in the range 62-65,
and 184-224 (in flux units) during low and high
solar epoch, respectively. Figure 1 indicates the
classical behaviour for the vertical component
of the equatorial F-region plasma drift velocity.
It is upward during the daytime for low and
high solar activity periods. As can be seen, ex-
cept for equinoctial periods, there is an excel-
lent consistency in the variability pattern of up-
ward daytime F-region drifts during low and
high solar flux conditions. The average value of
upward daytime F-region plasma drifts for so-
lar minimum equinox (top panel) (∼18.6 m/s) is
smaller than that of solar maximum equinox
Fig. 1. Average daytime F-region vertical plasma
drifts obtained for three different seasons from Ibadan
ionosonde data during 1964 low solar activity (right
verical axis) and 1958 high solar activity (left vertical
axis) under quiet magnetic condition. The vertical bar
indicates the standard deviation about the mean. 
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(∼23.3 m/s). Solar minimum winter data (mid-
dle panel) (∼15 m/s) is also notably lower than
solar maximum winter value (∼19.1 m/s). On
the other hand, low solar flux summer (bottom
panel) magnitude (∼13.8 m/s) is much lower
than high solar flux summer (∼20.9 m/s). The
average daytime upward vertical drift velocity
is nearly 16 m/s and 20 m/s during low and high
solar activity, respectively. 
Figure 2 shows 3-month seasonal periods of
daytime F-region averaged virtual vertical ve-
locities deduced from the virtual height changes
in the time during quiet and disturbed geomag-
netic conditions. The dashed curve on the right
vertical axis gives the mean variation of the
height of reflecting layer. The figures show that
except for disturbed September equinox drift,
which is about zero drift (∼0 m/s) throughout
the daytime and short fluctuations between
11:00-14:00 LT in the corresponding quiet Sep-
tember equinox vertical velocity; the average
virtual vertical velocities exhibit similar mor-
phological pattern of variability. The variation
appears as negative velocities (downward) in the
morning sector and increases gradually until the
drift reverses direction gently at about 13:00 LT
in all seasons. Notice that the velocity does not
exceed 5 m/s either downward or upward from
08:00-16:00 LT. These weak velocities were ob-
served by Blanc and Houngninou (1998) during
the International Equatorial Electrojet Year
(1993-1994) in Africa (Korhogo: 9.24°N,
5.4°W, dip. 4°S), Ivory-Coast, using high reso-
lution multi-frequency HF Doppler radar meas-
urements in the upper F-region during daytime
on 21, 27, 30 May 1993. 
The results on diurnal, seasonal, and magnet-
ic variations in the vertical drifts are presented in
fig. 3. The dashed curve on the right vertical ax-
is gives the mean variation of reflecting layer.
Again, apart from disturbed September equinox
vertical drifts, which ∼0 m/s throughout the en-
tire period; the trends for both datasets in each
season are similar. Figure 3 shows that the verti-
cal drifts on all the seasons are characterized by
upward enhancement followed by a downward
reversal. The enhancements have peak velocity
in the range 25-40 m/s and occur at around 19:00
LT during quiet period. The average quiet
evening prereversal peak E×B drift is typically
30 m/s and occurs at 19:00 LT. Conversely, the
values of prereversal peak velocity during dis-
turbed March equinox and June solstice are 26
m/s and 23 m/s, respectively; whereas for Sep-
tember equinox, it is absolutely insignificant,
while December solstice it is much smaller than
20 m/s. Figure 3 also indicates that geomagnetic
activity effect (as determined by the Kp index) on
the vertical plasma drifts show a noticeable sea-
son dependency. The late afternoon to evening
sector seasonal average values for magnetically
quiet periods are consistently larger than on dis-
turbed periods. The estimated mean magnitude
of the drifts for quiet periods are ∼17.4 m/s,
∼11.5 m/s, ∼13.7 m/s, and ∼16.4 m/s for March
equinox, June solstice, September equinox, and
December solstice, respectively, while the ab-
solute average values for disturbed March equi-
nox, June solstice, September equinox, and De-
cember solstice drifts are 12.4 m/s, 10.6 m/s, 3.5
m/s, and 14.2 m/s, in that order. The reversal
time is latest during the June solstice months for
quiet and disturbed drifts and earliest in all other
seasons. The most regular feature of all the
curves is the gradual reversal of drifts. It is note-
worthy to see that the vertical drifts reverse di-
rection during the periods of high F-layer
heights. The average virtual height of the bot-
tomside F-layer (h’F) is lifted as high as 412 km
at 19:00 LT (March equinox), 461 km at 21:00
LT (June solstice), 459 km at 20:00 LT (Septem-
ber equinox), and 450 km at 19:00 LT (Decem-
ber solstice). Certainly, we can say that the post-
sunset heights observed here appear to be mean-
ingful threshold values needed to seed ESF. 
Figure 4 illustrates the behaviors of vertical
drifts data in the midnight to early morning sec-
tor. The vertical bars are calculated standard de-
viations about the mean. The dashed curve yet
again (right vertical axis) gives the mean varia-
tion of the height of reflecting layer. Figure 4
indicates noticeable variability in the occur-
rence patterns of vertical plasma drifts even be-
tween equinoctial and solstitial seasonal peri-
ods. Generally, quiet and disturbed vertical drift
velocities are characterized by variations in the
downward direction during the entire period
until the drifts reverse to upward direction at
about 05:00 LT, except June solstice drift data,
which reverse upward at 23:00 LT followed by
620
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a gentle downward reversal at midnight. Mag-
netic activity effects are also apparent on the
vertical plasma drift velocity, particularly be-
tween midnight to 02:00 LT in June solstice.
The average downward nighttime drift velocity
is as low as ∼4 m/s (March equinox) and as high
as ∼12 m/s (June solstice) during quiet period. 
Evening F-region prereversal upward veloci-
ty peaks as a function of F10.7 cm solar flux in-
dex for both quiet and disturbed magnetic activ-
ity is displayed in fig. 5. The best fits to the data
are also shown. The drifts values correspond to
monthly averaged values of F10.7 cm. The
slopes relating prereversal peak velocity to F10.7
during quiet period are about 36% smaller than
during disturbed magnetic activity, but the corre-
lation coefficient value is also approximately
52% smaller during quiet period than disturbed
time. Furthermore, the prereversal peak velocity
appears to saturate around 185, 205, and 220 (in
solar flux units). Figure 6 further illustrates the
dependence of prereversal peak E×B drift on so-
lar and magnetic activity. Here, the slopes con-
necting the evening F-region prereversal upward
Fig. 4. Ibadan nighttime F-region average vertical plasma drifts derived from ionosonde observations for the
three-month seasonal periods during undisturbed and disturbed high solar activity periods. The vertical bars are
calculated absolute standard deviations about the mean. The dashed curve (right vertical axis) gives the mean
variation of reflecting layer. 1957/1958 IGY data are used.
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Fig. 5. Evening F-region prereversal upward velocity peaks as a function of solar flux for both quiet and dis-
turbed magnetic activity. The monthly values of velocity peaks correspond to the monthly mean values of solar
flux. Linear fits to the data are shown. 
Fig. 6. Evening F-region prereversal upward velocity peaks as a function of sunspot numbers for both quiet
and disturbed magnetic activity using the same format as in fig. 5.
velocity peaks to monthly averaged sunspot
number (R12) during magnetically quiet period is
just about 27% smaller than during magnetically
active period, while the regression coefficient is
nearly 49% lower in value during quiet time than
disturbed time. 
Figure 7 compares peak upward daytime
(upper panel) and peak downward nighttime
(bottom panel) vertical velocity patterns versus
F10.7 solar flux index during quiet magnetic
conditions. Notice that the monthly values of
maximum velocities correspond to the monthly
average values of solar index. The first feature
to note in fig. 7 is that the vertical drifts saturate
around the F10.7 values mentioned for fig. 5
during both the daytime and nighttime periods.
The slopes of the lines are different by about
90%. Such a much larger discrepancy clearly
points to a reasonable confirmation of solar in-
fluence on maximum upward daytime F-region
plasma drifts variability. Maximum upward
daytime and downward nighttime vertical drifts
versus sunspot numbers using the format as in
fig. 7 are shown in fig. 8. The situation is rather
different, however, from the variability pattern
of maximum vertical drifts obtained with solar
flux. Vertical plasma drifts vary around their
monthly averaged upward daytime value of ap-
proximately 28 m/s (±9.76 m/s) (the upper pan-
el), while peak downward nighttime drifts vary
about their monthly mean magnitude of nearly
18.7 m/s (±5 m/s) (the bottom panel), where the
values in the brackets indicate standard devia-
tions of the mean. The slopes relating maxi-
mum vertical drifts with sunspot numbers dur-
ing daytime and nighttime periods are consis-
tent at ∼0.1. 
4. Discussion 
The data presented above clearly described
the general patterns of F-region vertical plasma
drifts at different local time sectors, seasons, so-
5 6
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lar activity, and geomagnetic activity periods.
The study considered vertical drifts as the key
parameter determining the dynamics of ionos-
pheric F-region, and of course the occurrence of
ESF. Indeed, earlier results cited in Section 1
have pointed out a clear relation between the
magnitude of the prereversal enhancement and
occurrence of postsunset ESF: irregularities are
more likely to develop when a strong prereversal
enhancement is present. The strength will de-
pend on the prevailing geophysical conditions,
e.g., at solar maximum, a threshold level of ∼50
m/s is required, while during solar minimum it is
reduced to ∼20 m/s (Fejer et al., 1999). Subbarao
and Krishna Murthy (1994) using coherent HF
radar data covering 28 days of observation
spread over the period 1973-1976 during the late
afternoon-early evening sector in the India equa-
torial region, reported that the mean value of
peak velocity on nights with spread F (34.4 m/s)
is rather greater than on nights without spread F
(29.2 m/s). In their study, solar activity (F10.7
cm flux) was in the range 75-107 (in solar flux
units), representative of low solar activity period.
In the present study, a vertical plasma drift of
∼30 m/s seems to be a meaningful threshold val-
ue needed to trigger ESF. A careful comparison
of values of the enhancement peak drifts quoted
above, instantly discloses that solar activity ap-
pears not to have important effect on the thresh-
old value of vertical plasma drift required for the
onset of ESF. 
Moreover, during geomagnetically quiet pe-
riods, the equatorial vertical plasma drifts result
from the combined effects of E- and F-region
magnetic field line-integrated thermospheric
winds weighted by the integrated Pedersen con-
ductivity. Richmond (1994) pointed out that qui-
Fig. 7. Dependence of the peak upward daytime (upper panel) and peak downward nighttime (bottom panel)
vertical velocity on the 10.7 cm solar flux during quiet magnetic condition. Notice that the monthly values of
velocity peaks correspond to the monthly mean.
Fig. 8. Maximum upward daytime and downward nighttime vertical drifts versus sunspot numbers using the
same format as in fig. 7.
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et-time ionospheric variability is probably asso-
ciated with irregular day-to-day variation due to
short term changes in tidal forcing, the effects of
planetary waves and irregular winds in the dy-
namo region, and changes in the dynamic condi-
tions at the base of the thermosphere. Different
types of upward coupling from neutral atmos-
phere dynamics are perhaps the major sources
yet unknown of quiet-time F-region vertical drift
variability. However, at magnetically disturbed
times, two major sources of drift perturbations
are found in the magnetospheric and ionospher-
ic disturbance dynamo. Electrodynamical mech-
anisms of magnetospheric dynamo processes are
found in the work of Martinis et al. (2005, and
the references therein). 
The ionospheric disturbance dynamo, on the
other hand, results from thermospheric distur-
bance wind generated by Joule heating at auroral
latitudes during periods of high magnetic activi-
ty (Blanc and Richmond, 1980; Richmond et al.,
2003). These disturbance winds affect the low-
latitude region several hours after the increase in
magnetic activity. These winds are equatoward
of region 2 current and any electric fields they
generate are not shielded from the low-latitude
ionosphere. They produce changes in the ionos-
pheric dynamo (long lived effects) that are more
persistent than those associated with the magne-
tospheric dynamo (prompt effects). 
The high latitude electric field should pene-
trate most efficiently into the equatorial iono-
sphere near dusk and in the post midnight to ear-
ly morning hours (Fejer et al., 1989). The most
frequent and largest equatorial drift perturbations
are downward during the day and upward at
night (Gonzales et al., 1979; Fejer 1986). At
equatorial latitudes, gravity waves have been
found to play an important role in the formation
of the equatorial spread F (Hysell et al., 1990).
Blanc and Houngninou (1998), using high-reso-
lution FH radar during the 1993-1994 Interna-
tional Equatorial Electrojet Year (IEEY), found
that the amplitude of gravity wave is variable
from day-to-day and does not depend on the
magnetic conditions. The wave activity was even
strong on magnetic quiet conditions. They re-
ported that the wave characteristics are periods in
the range 5-30 min, and a downward phase ve-
locity (during the daytime) of the order of 80 m/s
at altitudes of 240-280 km, appearing as a phase
delay at lower radar frequencies, hence at lower
altitudes. Millard et al. (2001), using a Coupled
Thermosphere-Ionosphere-Plasmasphere (CTIP)
model showed the importance of lower thermos-
pheric tidal forcing on the daytime vertical ion
drifts. 
5. Conclusions 
F-region vertical plasma drift velocities de-
rived from ionosonde observations at Ibadan have
been utilized to examine the morphology of ver-
tical plasma drifts with season, solar cycle, and
magnetic activity at various local time sectors.
The F-region drifts show the largest variations in
the evening and nighttime periods. The daytime
vertical plasma drift occurrence patterns during
high and low solar activity periods were essen-
tially identical, except for the equinox season.
The evening reversal time from upward daytime
to downward nighttime is earliest and latest dur-
ing solstitial seasonal periods. Our results suggest
that the daytime F-region drifts and, therefore,
the corresponding E-region electric fields and
neutral winds are nearly independent of solar
variability. The evening prereversal enhancement,
daytime and nighttime peaks drifts seem to satu-
rate for large solar intensity values. Finally, some
results (e.g., Fejer et al., 1989, 1991; Balan et al.,
1992; Hari and Krishna Murthy, 1995; Ramesh
and Sastri, 1995) obtained for the equatorial re-
gion in the India and South American sectors
were confirmed in this study.
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